Conducting organic polymers (COPs) became an active field of research after it was discovered how thin films rather than insoluble infusible powders can be produced. The combination of the properties of plastics with those of semiconductors opened the research field of organic electronics. COPs share many electronic properties with inorganic semiconductors, but there are also major differences, e.g., the nature of the charge carriers and the amount of the exciton binding energy. Theoretical analysis has been used to interpret experimental observations early on. The polaron model that was developed from one-electron theories is still the most widely used concept. In the 1990s, time-dependent density functional theory (TDDFT) became available for routine calculations. Using TDDFT, electronic states of long oligomers can be calculated. Now UV spectra of neutral and oxidized or reduced species can be compared with in situ UV spectra recorded during doping. Likewise states of cations can be used to model photoelectron spectra. Analysis of states has resolved several puzzles which cannot be understood with the polaron model, e.g., the origin of the dual absorption band of green polymers and the origin of a 'vestigial neutral band' upon doping of long oligomers. DFT calculations also established that defect localization is not crucial for spectral changes observed during doping and that there are no bound bipolarons in COPs.
INTRODUCTION

S
aturated organic polymers that have revolutionized material science in the 20th century are electrical insulators. In contrast, conducting organic polymers (COPs) are unsaturated hydrocarbons with alternating single and double bonds. Delocalization of the -electrons gives rise to semiconductor-like energy bands and electric conductivity once mobile charge carriers are produced by electronic excitation, oxidation, or reduction. The smaller energy gap between occupied and unoccupied -orbitals compared with that between -orbitals, leads to absorption and emission of visible light. The unique combination of electrical and optical properties with the processibility of plastics can be used to produce devices such as all-plastic electrical wires, transparent conductors, batteries, organic solar cells also known as organic photovoltaics (OPVs), organic field effect transistors (OFETs), integrated circuits, organic light-emitting diodes (OLEDs), sensors, and image processors. [1] [2] [3] Probably the first electrochemical synthesis of a COP, polyaniline (PAN), has been achieved in 1862. 4 Optical 5 and electronic 6 properties of conjugated -systems have been studied in the 1930s, and chemical and electrochemical doping were reported in the 1960s. [6] [7] [8] [9] The major breakthrough in COP research, however, started with an accident. 1 Molar instead of millimolar quantities of Ziegler catalyst was used in the polymerization of acetylene, which resulted in copper-and silver-colored shiny films instead of the usual infusible, insoluble black powders. 10 The silvery film of polyacetylene resembled the golden appearance of (SN) x and led to collaboration among Hideki Shirakawa, Alan McDiarmid, and Alan Heeger. Their joint publication in 1977 11 reporting conductivity increase of polyacetylene (PA) by seven orders of magnitude on oxidation with iodine, initiated enormous research efforts around the world and culminated in the Nobel Prize to the three researchers in 2000.
Because PA is chemically unstable, a huge amount of synthetic work has been carried out since 1977 to produce COPs with better stability and properties tailored for specific applications. [12] [13] [14] Examples of homopolymers, PAN, PA, polythiophene (PTH), polypyrrole (PPY), polyfuran (PFU), polyparaphenylenevinylene (PPV), polyethylenedioxythiohene (PEDOT), and polyfluorene (PFL) are shown in Scheme 1. Side chains can be introduced to improve solubility and crystalline order. 15 PEDOT is the first COP that found commercial application. 16 It is standing out because of its chemical stability, small band gap, and electrochromic properties.
In recent years, the focus has shifted from homo-to copolymers. Combination of electron-donating and electron-accepting units such as 4-(dicyanomethylene) -4H-cyclopenta[2,1-b:3,4-b¢]dithiophene (CDM), 17 benzothiadiazole (BT), 18 and diketopyrrolopyrrole (PYPY) 19 (Scheme 2) allows band gap manipulation 20 and has proven to be particularly suitable for applications in OPV devices. 21 Having a large variety of different systems available, it is important to understand how changes in molecular structure influence electronic properties and device performance. The most important properties that have to be controlled for devices such as OFETs, OPVs, and OLEDs are ionization potential (IP) and electron affinity (EA), efficiency of charge carrier injection and charge carrier collection at electrodes, electron and hole mobility, light absorption and emission, exciton diffusion rate, charge carrier generation and separation at interfaces, purity and morphology of thin films, and morphological and thermal stability. 22 To realize the full potential of COPs in organic electronics, experimental and theoretical research approaches have been combined from the beginning. Theoretical methods
ION STATES, BAND STRUCTURES, AND ORBITAL ENERGIES
Band Structures
Electronic properties of COPs are determined by the energy levels of their electrons. High-energy valence electrons are associated with low IPs, low-lying unoccupied levels with high EAs. Close-lying electronic states lead to high charge-transfer rates, and widely spaced electronic energy levels are indicative of high charge carrier mobility. The simplest way of analyzing electronic structures of metals and semiconductors theoretically is with band structure calculations. Band structures of solids are obtained by defining a repeat unit and the unit cell size, and carrying out the calculations on infinite systems with periodic boundary conditions. 23 Band structures can be calculated in one, two, and three dimensions. To a first approximation, COPs are one-dimensional systems with anisotropic properties. 24 Therefore, one can start an investigation of isolated infinite chains, neglecting interchain interactions. Alternatively, finite systems of increasing chain lengths and extrapolation can be employed to approach properties of polymers. 25, 26 With large oligomers or clusters, molecular orbital energies can be used in the same way as band structures. The similarity of the two approaches that only appear to be different because of the different terminology used by physicists and chemists has been demonstrated by Hoffmann.
27,28
Photoelectron Spectra
The electronic structure of COPs can be determined experimentally with photoelectron (PES), 29 inverse photoelectron spectroscopy (IPES), and two-photon photoemission (2PPES). 30, 31 The basic principle of photoelectron spectroscopy is that the binding energy of an electron equals the energy difference between the corresponding state of the cation and the neutral species. PES experiments generate all possible ion states that can be reached with a given light source and measure the kinetic energy distribution of the ejected photoelectrons. The most intense PES peaks are usually associated with removal of a single electron from the ground state of the molecule. More complex ion states are observed as satellites. 29 Because relaxation of the electron cloud on electron removal or addition occurs instantly on the PES time-scale, relaxation is part of the measured IPs. Geometric relaxation is slower and may be included 30 or excluded 29 in the measurement. In the solid state, there is an additional relaxation due to the molecular environment. The electronic influence of the environment, the so-called-solid state polarization energy, has been determined experimentally to lower IPs of organic -systems by a rather constant value of around 1.7 eV compared with the gas-phase values. 32 Solid-state polarization increases EAs but the exact amount has not been measured as accurately as for IPs. Therefore, the solid-state polarization energy for EAs is usually assumed to be the same as that for IPs. 30 The lattice relaxation of the nuclei is too slow to be seen in PES.
30
Orbital Energies
The relationship between electron binding energies and orbital energies of the neutral species as obtained with band structure calculations is provided by Koopmans's theorem, 33 which states that negative Hartree-Fock (HF) orbital energies are the IPs and EAs of the system. The relationship is mathematically exact but neglects electronic relaxation because the orbitals of the neutral species differ from those of the cations. Electronic relaxation is actually quite large. 29 Koopmans's theorem works well at the HF level for gas-phase IPs and especially for the negative energy of the HOMO (−E H ) because errors due to relaxation and correlation cancel partially. For lower-lying orbitals, the relationship deteriorates because of increasing correlation effects. For EAs, relaxation and correlation errors add up so that Koopmans's theorem is useless for EAs at the HF level. Unless three-dimensional band structure or cluster calculations are performed at theoretical levels that account for polarization, 34 orbital energies also neglect the solid state polarization energy.
Modeling solid-state PES 35, 36 and IPES 37 spectra with semi-empirical CNDO/S3 and INDO gas-phase calculations was successful after aligning of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies with the experimental first IP and EA and by empirically adjusting band widths. Hückel theory, which is strictly a one-electron approach, does not include electron-electron interactions self-consistently and produces the same orbital energies for cations, neutral species, and anions. Thus, within Hückel theory, orbital energies are IPs and EAs but electron repulsion is missing when an electron enters a half-occupied orbital.
In recent years, DFT has almost completely replaced semi-empirical and ab initio methods because it is the most accurate approach that can be applied to large-size systems such as COPs. However, the interpretation of DFT orbital energies is complicated. 38 There is evidence that −E H corresponds to the relaxed first IP with the unknown exact density functional. [39] [40] [41] All other orbital energies were originally considered to be meaningless, 41 because in DFT orbitals are used to construct the electron density rather than to minimize the energy. The situation is aggravated by the fact that the exact density functional is unknown and that the many different approximate functionals produce very different orbital energies. Nonetheless, it was apparent from the beginning that despite these shortcomings, relative DFT orbital energies produce reasonable band structures that are actually in better agreement with experiment than those obtained at the HF level for which the meaning of orbital energies is well defined. [42] [43] [44] [45] More recent theoretical analyzes have revealed the underlying reasons for the success of DFT orbital energies in electronic structure theory. 38, [46] [47] [48] The quality of DFT orbital energies depends strongly on the approximate functionals that fall into three groups, pure DFT, global hybrid functionals, and range-separated hybrids. The nature of exchange and correlation functionals within each of the three groups makes relatively little difference. Pure DFT underestimates the first IP, overestimates the EA, and therefore underestimates band gaps. Energy levels lie generally too close, so that band widths are also underestimated. These problems arise from the lack of a derivative discontinuity in the exchange-correlation potential. 38 Another important issue is the self-interaction error (SIE) that is not canceled completely in DFT because exchange is calculated only approximately. 41, 49 Energies of localized orbitals have larger errors than that of delocalized ones, so that relative energy levels of -and -electrons are also incorrect. 38 Global hybrid functionals with 20-30% of HF exchange improve on relative orbital energies but first IPs remain several eV too small. 38, 42 After the orbital energies are shifted, so that the −E H energy matches the first IP, all other orbital energies agree with higher IPs with global hybrid functionals 38 ( Figure 1 bottom) . Agreement with experiment without empirical adjustment can only be achieved, however, when the self-interaction error is removed, e.g., with the statistical averaging of model orbital potentials (SAOP) 46, 47 or with range-separated hybrid functionals (Figure 1 top) that use no or little short-range HF exchange (close to the nucleus) and 100% of long-range HF exchange (at larger distance from the nucleus). [50] [51] [52] An additional issue with DFT is that all properties depend too strongly on system size. Thus, the decrease in IPs with increasing oligomer length is overestimated which means that IPs of long oligomers and polymers are too low, even with functionals that predict IPs of small molecules correctly. 53 This problem can also be addressed with certain range-separated hybrid functionals. 54 A special kind of range-separated hybrid functionals are the so-called ' -tuned' range-separated hybrids, [55] [56] [57] where is a flexible parameter that determines at which distance from the nucleus the amount of HF exchange starts to increase. -tuning is based on the above mentioned exact relationship between −E H and the relaxed IP with the unknown exact density functional. Because ΔSCF IPs (total energy differences between cations and neutral forms) are usually predicted accurately by DFT methods and because −E H depends more strongly on than ΔSCF IPs, can be adjusted so that −E H and ΔSCF IP match. Once this is achieved for a system, the -tuned density functional is used to obtain all other properties. It was shown that many shortcomings of approximate functionals can be overcome with -tuning. [56] [57] [58] [59] For oligomers with increasing chain lengths, problems arise, however. 54 As chain lengths increase, the DFT ΔSCF IPs tend to become too small. This could in principle be counteracted by increasing (using 100% HF exchange at shorter distance from the nucleus). However, matching −E H and ΔSCF IP requires decreasing for oligomers with increasing chain lengths so that −E H and ΔSCF IP can no longer be matched. The interesting conclusion from this is that the SIE that is usually considered to be the main error in DFT cannot be the reason for the problems of DFT with increasing system size. Because SIE is smaller for delocalized orbitals than for localized ones, 60 it should decrease with increasing length in contrast to what is observed.
Ion States
With the development of TDDFT, [61] [62] [63] [64] which can be applied to large oligomers with several hundred atoms, it became possible to calculate states directly and reassess the accuracy of orbital energies without reference to experiment. TDDFT is applicable to neutral systems, and to radical cations and anions, so that electronic and geometric relaxation, and electronic excitation on doping can be investigated independently. As mentioned previously, the first IP can be calculated with the ΔSCF method as the energy difference between energies of neutral molecule and cation. The higher IPs can be obtained with TDDFT by calculating excited states of the cations, selecting the states that correspond to the ions that have the hole in the appropriate orbitals (i.e., the states that transfer -electrons from lower-lying orbitals to the semi-occupied molecular orbital (SOMO)), and adding the excitation energies to the first IP. 51, 53 Comparison of excited state energies of cations with orbital energies has revealed that DFT with certain range-separated hybrid functionals produces accurate orbital energies for valence and innervalence electrons down to around −30 eV. 51, 53 A particularly suitable functional for large -systems is wB97XD. 54, 65 For 4-thiophene, gas-phase IPs 66 were predicted at wB97XD/6-311G* level with orbital energies and states showing errors of less than 0.2 eV. 54 In Figure 1 , orbital energies and states are compared with experiment for 8-thiophene at wB97XD/6-311G* and B3LYP/6-311G* (all figures in this article are based on results obtained using Gaussian 09 67 ). Experimental peak positions and heights are obtained from Table 1 in the study by de Silva Filho et al. 66 Orbital energies were given peak heights of 1, and states are given peak heights corresponding to the square of the coefficient of the dominant electron configuration in the cation state. A coefficient of close to 1 indicates that a peak is due to a single electron removal, small coefficients indicate strong correlation. At the wB97XD/6-311G* level without -tuning, −E H of 8-T is 6.96 eV and the ΔSCF IP is 6.76 eV. Thus, negative orbital energy and ΔSCF IP differ by only 0.2 eV. Both values compare well with the experimental IP of 6.84 eV. The strong feature at around 9 eV that was deconvoluted into two peaks 66 actually arises from 10 close-lying orbitals. Errors increase for higher IPs, overestimating them by about 0.4 eV. Thus, the band width is somewhat overestimated. This is not the case for 4-T. 54 Therefore, a trend to overestimate band widths with increasing chain length becomes apparent. The PE spectrum at the B3LYP/6-311G* level had to be aligned because −E H would predict an IP of only 5.04 eV and the ΔSCF IP is 5.95 eV. After individually aligning −E H and the ΔSCF IP with the experimental first IP, B3LYP spectra are in good agreement with experiment and the band width is overestimated less than with the wB97XD functional, showing that relative energy levels are very accurate with global hybrids.
To obtain solid-state band structures, the solid-state polarization energy needs to be evaluated theoretically. This has been carried out with a small cluster of five 6-thiophene oligomers. 54 The wB97XD functional is suitable for this type of calculation because it includes dispersion and accounts for polarization effects that are absent with most density functionals. 34 The difference in the first IP between gas-phase molecule and cluster is about 0.9 eV (−E H : 0.79 eV, ΔSCF IP vertical : 0.88 eV, ΔSCF IP adiabtic : 0.99 eV). If the vertical IP is used for the molecule in the gas phase but the adiabatic IP for the cluster as suggested in Ref 30 the solid-state polarization energy amounts to 1.37 eV. This approaches the measured value of 1.7 eV. 32 The EA increases in the cluster by around 0.3-0.5 eV (−E H : 0.29 eV, ΔSCF EA vertical : 0.41 eV, ΔSCF EA adiabatic : 0.49 eV). The difference between the vertical gas-phase and the adiabatic solid-state EA is 0.86 eV. Therefore, the solid-state polarization effect on the EA is substantially smaller than that on the IP, in contrast to previous assumptions. 30 The close resemblance of energies of cation states and orbital energies with range-separated hybrid functionals shows that DFT orbital energies can be employed to predict band structures. 51 Knowing that orbital energies are reliable with appropriate choice of the density functional is extremely useful for research on COPs because determining IPs by calculating inner valence states requires inclusion of hundreds of excited states, which is impossible for very long oligomers and polymers. The term 'bands' will be used also in the following for oligomers although an oligomer 'band' contains only as many states as there are repeat units in the oligomer. Figure 2 compares orbital energy band structures of typical homoand donor-acceptor co-oligomers with 24 conjugated double bonds at wB97xd/6-31G*. Homo-oligomers 12-TH and 12-BT have continuous conduction bands. Donor-acceptor systems have a tendency to form separate states that are localized on the acceptor as seen by the four energy levels below the conduction bands. 68 The degree of localization is reflected in the closeness of the four energy levels and depends on acceptor and donor. The least localization is observed with the PYPY acceptor (third and fourth column) and the strongest with CDM (last column). The difference in localization between PYPY and BT systems (columns 5-7) cannot be attributed to LUMO energy or EA differences because both monomers have very similar LUMO energies, PYPY −0.49 eV and BT −0.54 eV. In contrast, the LUMO of CDM lies much lower at −1.76 eV. With the same acceptor, band widths depend on the donor. In general, PY decreases conduction band widths more than TH because the high-lying LUMO of PY interacts less with the low-lying LUMOs of the acceptors. The consequences of localization in conduction bands with donor-acceptor systems for optical spectra are discussed in the next chapter.
BAND GAPS
One of the early issues regarding polyenes was whether there is a band gap at infinite chain length or, in other words, whether PA is a metal or a semiconductor. The crucial parameter turned out to be bond length alternation (BLA). [69] [70] [71] BLA lifts the degeneracy between HOMO and LUMO of infinite PA and therefore opens up a gap, which depends on the degree of BLA. For COPs other than PA, HOMO and LUMO are not degenerate even without BLA but the amount of BLA still contributes to the band gap. As BLA remains a determining factor for the size of band gaps COPs, 26 accurate determination would be desirable. Unfortunately, different levels of theory predict quite different single-and double-bond lengths. It was shown for instance for 6-T with the 6-311G* basis set that HF overestimates BLA by underestimating double-bond lengths and overestimating single-bond lengths. Second-order perturbation theory is accurate for single bonds but overestimates double-bond lengths, pure DFT overestimates both but double bonds more. Usage of HF exchange in global hybrids tends to shorten double bonds, leading to relatively accurate results for BLA. Range-separate hybrids depending on the amount of long-range HF exchange and on the range separation parameter tend to get too close to the HF results. 54 Comparison of bond length in the thiophene monomer at CCSD/6-311G* and MP2/6-311G* reveals that the main reason for the large differences in theoretical results is that the associated energy differences are very small. For instance, CCSD/6-311G* and MP2/6-311G* predict quite different BLA values, 0.068 Å and 0.040 Å, respectively but recalculation of the energy with CCSD at the MP2 geometry led to an increase by only 0.04 kcal/mol. 53 Band gaps are related to optical absorption, to the difference between electrochemical oxidation and reduction potentials, and to the difference between IP and EA. Because measurements of these properties are performed under different conditions and involve different physical processes, band gaps obtained from optical absorption (E g ), cyclic voltammetry (E CV ), and PES (E t ) differ (Box 1). In the gas-phase, E t is much larger than the optical gap E g . In condensed phases, E g may be smaller or larger than in the gas phase depending on solvent effects and crystal packing. For COPs, the difference between gas-phase and condensed-phase E g values is usually not larger than 0.4 eV and often much smaller. Due to the solid-state polarization energy on IP and EA, E t is much smaller in the solid state than in the gas phase. 30 The same holds true for solutions. As a result, condensed phase E t s from PES and IPES or E CV can be very close to E g (within 0.4 eV). As described previously, the relationship between band structures or orbital energies and physical states is Koopmans's theorem or its analog in DFT. Thus, theoretical band or HOMO-LUMO gaps correspond to E t . HOMO-LUMO gaps from gas-phase calculations should therefore be much larger than E g . HF orbital energy differences overestimate E t because of their failure to produce reasonable EAs. Pure DFT leads to much too small band gaps because IPs are underestimated and EAs are overestimated. Including HF exchange with hybrid functionals increases E t compared with pure DFT. The strongest BOX 1
BAND GAP
The term band gap comes from solid-state physics and refers to an energy range in a solid where no electron states exist. Theoretical band gaps are used to interpret UV-Vis spectra, PE spectra, and oxidation and reduction potentials from cyclic voltammetry. In organic materials, the values obtained with these approaches may differ substantially.
OPTICAL BAND GAP
UV spectroscopy measures the energy that is required to excite an electron from the top of the valence to the bottom of the conduction band. The electron and the hole left behind attract each other electrostatically, forming a bound electron-hole pair or exciton.
TRANSPORT GAP
PES measures the energy required to remove electrons from the valence band, whereas IPES measures the energy released when an electron is introduced into the conduction band. The energy difference between them is the transport gap. Transport and optical gap differ by the exciton binding energy which is large in the gas phase but reduced in the condensed phases.
ELECTROCHEMICAL BAND GAP
With cyclic voltammetry, the difference between oxidation and reduction potentials is measured in solution. Therefore, the electrochemical band gap is conceptually closer to the transport gap than to the optical gap.
THEORETICAL BAND GAPS
The optical gap can be calculated as the energy difference between ground and first excited state. The transport gap can be obtained as the difference between the ionization energy and the electron affinity calculated with the ΔSCF method. Only the transport gap can be approximated with HOMO and LUMO orbital energies.
point of range-separated hybrid functionals is that they predict accurate orbital energies and therefore correct E t s. An oddity of hybrid functionals with about 20-30% of HF-exchange is that they produce gas-phase HOMO-LUMO gaps that are very close to E g 42,45 although orbital energy differences do clearly not account for exciton binding and polarization energies. This has led to wide-spread use of gas-phase DFT HOMO-LUMO gaps as estimates for polymer E g s and E CV s, and the method has proven to be quite useful 72 although it is strictly speaking comparing 'apples with pears'.
Modeling UV Spectra
The first experiments carried out on conjugated systems, polyenes and organic dyes, were actually measurements of their UV spectra. In the 1930s, it was already established that light absorption of conjugated -systems shifts to longer wavelength with increasing number of conjugated double bonds and that the red shift is accompanied by increasing intensity. Explicit consideration of excited states was not possible at the time and excitation energies were approximated with orbital energy differences. With Hückel theory, Mulliken 5 was able to prove that the strong absorption is in general an N-> V 1 band and that weaker higher energy bands are transitions to higher vibrational levels. Because of its strict one-electron nature, Hückel theory cannot be applied to two electron processes and fails to account for fluorescence quenching by low-lying two-photon states in extended polyenes. 73 Extensive experimental work on polyenes in the 1970s and 1980s produced vibrationally resolved gas-phase and solution spectra. The difference between the onset of absorption of C 8 H 10 and C 12 H 14 in gas and condensed phases is around 0.4 eV depending on solvent, concentration, and chain length of the polyene. 74, 75 High-quality spectra of medium-sized systems are useful for assessing accuracy of theoretical methods. Vibrationally resolved UV spectra have been analyzed theoretically and were used to establish the relationship between onset of absorption and vertical excitation energy as produced by TDDFT. 76, 77 Figure 3 shows the vibrationally resolved spectrum of C 12 H 14 at TDwB97XD/6-31G*. The line shape is practically identical to that observed experimentally. The energy of the 0-0 transition is underestimated by 2400 cm -1 or 0.30 eV. At B3P86-30%/6-31G*, the spectrum appears identical but is shifted to lower energy, so that the error in the 0-0 transition energy is 0.5 eV.
The general practice is to use vertical excitations because calculating vibronic spectra requires excited-state frequencies that have to be obtained numerically. This is extremely time-consuming and therefore not practical for large systems. Figure 3 shows that the three main vibrational peaks lay within about 4000 cm -1 or about 0.5 eV. The difference between E 0-0 and E vert is 0.38 eV at wB97XD/6-31G* and 0.28 eV at B3P86-30%/6-31G*. As most Figure 6) . Although solvent effects are therefore not a major issue, current theory is far from the accuracy that would be necessary for predicting the colors of organic -systems and agreement between theory and experiment of better than around 0.4 eV is aided by fortuitous error cancelations. With these cautionary remarks in mind, trends predicted by comparing different -systems are usually quite accurate because electronic structures of different COPs are very similar from a theoretical point of view. From this point forward, vertical excitations will be discussed exclusively.
Dependence of Vertical Excitation Energies on Structure and Chain Length
Homopolymers Theoretical E vert values calculated with TDDFT of polyenes, thiophene, pyrrole, furan, and many other oligomers with increasing chain length reproduce the single strong feature in the visible region of COPs and confirm that this excitation is dominated by a single absorption during which an electron is transferred from HOMO to LUMO. Figure 4 shows spectra of BT oligomers with 2-12 repeat units as examples. With increasing chain length, the strong absorption shifts to lower energy and increases in intensity, and the contribution of the HOMO-LUMO transition decreases while HOMO-1→LUMO+1, HOMO-2-LUMO, and HOMO-LUMO+2 excitations start to contribute. Apart from different peak positions, excitation spectra of all homo-oligomers appear similar. Figure 5 compares spectra of donor-acceptor systems with PYPY, BT, and CDM acceptors and of 12-TH. With PYPY as the acceptor, spectra show a prominent peak and weaker features at higher energy. Compared with 12-TH, the main peak is strongly red-shifted and an additional weak band appears at 3.3 eV. With BT, the high energy absorption is stronger. The energy difference between the first and second peak and its intensity can be influenced with the donor. As donor strength increases in the order TH < EDOT < PY, the high energy absorption is blue-shifted and becomes stronger, so that for 4-PY-BT-PY, the peak heights are about the same. The 'camel back' absorption was first discovered experimentally and gives rise to green polymers. 78 It is therefore very important for completing the color spectrum of COPs. The nature of the double absorption was puzzling at first as it is not predicted with the polaron model (see below). It was first rationalized for FL copolymers with ZINDO semi-empirical calculations. 79 The occurrence of two absorptions rather than one is a direct consequence of the difference in band structures between donor-acceptor systems and homopolymers 68 ( Figure 2) . The low energy transition arises from a charge-transfer (C-T) state from the HOMO to the lowest localized acceptor level. Although it is a HOMO-LUMO transition, it has a very different character than the − * transition in homopolymers. The second absorption peak is a transition where the electron jumps over the localized acceptor states into the delocalized * orbitals of the conjugated system. 79 This analysis is fully confirmed with TDDFT. 80 The localization is strongest with CDM as the acceptor and consequently the oscillator strength is shifted almost completely to the second absorption. The total oscillator strengths of the two bands displayed in Figure 5 sums up to about 4.5. As the second band increases in intensity, the first decreases, fulfilling the Thomas-Reiche-Kuhn sum rule. 81 Thus, the donor-acceptor concept has more complicated implications than expected when it was suggested at first. Originally the idea was to produce small band-gap polymers with wide conduction bands. 20 Especially the CDM systems show that the latter claim does not hold and that the small band gap comes at the price of low electron mobility 17 caused by localization. 82 With respect to device performance, the FIGURE 4 | UV spectra of 2-BT through 12-BT at B3P86-30%/6-31G*.
Donor-Acceptor Systems
different behavior is clearly reflected in the experimental applications. CDM is rarely used. PYPY systems have but little C-T character in the low energy UV-absorption band and a low-lying wide conduction band. These systems have exceptionally large electron mobilities, 83 which is a requirement for OFETs. Donor-acceptor polymers with BT have dual absorption in the visible part of the spectrum and are among the most successful systems as donors for OPVs. 84 As in bulk heterojunction solar cells, 85 electron transport is provided by the acceptors (usually fullerenes) following charge transfer, the small conduction band widths of BT systems are not detrimental in OPV applications.
CHARGE CARRIERS IN COPS
In their neutral states, COPs are semiconductors with band gaps between about 1 and 4 eV. Therefore, they are insulating at room temperature. Electronic excitation, oxidation, or reduction, are necessary to generate mobile charge carriers. Oxidation has resulted in the highest conductivities by far, 10 5 S/cm 86 in the case of PA and around 2 × 10 3 S/cm for PTH 87 and PPY. 88 Although oxidation and reduction processes are referred to as doping, they differ from doping in inorganic semiconductors. Being organic molecules, changes in electronic structure of COPs are associated with structural relaxation so that charge transport is coupled to geometric distortion. Hückel theory 89 and its solid-state analog, the Su-Shrieffer-Heeger Hamiltonian 90 approach predict that the charge carriers in PA are different from those of most other COPs. PA has a degenerate ground state in the sense that exchanging the positions of single and double bonds leads to a new structure with the same energy as the original one. In neutral PA with structural defects, partially delocalized boundaries between the two forms exist, which explain the existence of paramagnetic defects (solitons) in undoped PA. 90 If charges are added or removed during doping, positively and negatively charged solitons result (Scheme 3 left).
Polymers with Nondegenerate Ground States
In polymers with nondegenerate ground states 91 such as PPY and PTH, single bond-double bond flipping leads to a higher energy structure and a quinoid segment (Scheme 3 right). After doping, experiments on PPY and PTH had revealed that conductivity of COPs correlates with doping level but not with the strengths of ESR signals 92 and therefore not with the concentration of free charge carriers, the nature of the charge carriers in COPs moved to the center of attention. 93 Conductivity in the absence of free spins can be rationalized with Landau's polaron model for a charge moving through a crystal. 94 A 'polaron' is the combination of displacement of atoms and polarization of their electron clouds by a charge. 95 The extent of the distortion can be estimated by representing the effect of the charge by its force acting on a lattice vibration in the harmonic oscillator approximation. Localization or delocalization of the polaron depends on two opposing factors, the kinetic energy of the electrons favoring delocalization and lattice relaxation favoring localization of the polaron. 95 In the presence of two charges, lattice relaxation favors two charges to share the same distorted lattice site. If lattice relaxation energy and dielectric screening are large enough, Coulomb repulsion between the two like charges may be overcome and 'bipolarons' may result. Therefore, binding of two like charges to one another can occur as a consequence of saving lattice distortion energy.
In heterocyclic COPs such as PTH and PPY, oxidation or reduction causes disruption of the bond alternation scheme and geometry changes (Scheme 3 left). The transition between aromatic and quinoid forms in polymer chains is taken as the analog of the lattice distortion in the crystal of the polaron model. 91, 93 Because quinoid have higher energies than aromatic forms 54 (for neutral polymers), two charges were expected to stay at close distance to keep the high energy quinoid chain segment short. Therefore, two charges are predicted to form a spinless bound bipolaron, 93 explaining the lack of correlation between number of free spins and conductivity.
The doping process can be followed by in situ UV spectroscopy. On oxidation or reduction, the intensity of single absorption peak of the neutral species vanishes and two sub-gap bands develop. 96, 97 These spectroscopic features have been rationalized with the polaron model invoking electronic transitions between valence and conductions bands, and localized intragap polaron levels. 93, 98 With one-electron theories, solitons are predicted to give rise to one, polarons to three, and bipolarons to two sub-gap transitions. 98 Therefore, early theoretical analysis of the two sub-band transitions in in situ UV spectra supported the hypothesis that charge carriers in COPs with nondegenerate ground states are bipolarons.
Experimental Results on Oligomers in Solution
Objections to these conclusions were raised when doping behavior of oligomers in dilute solution was investigated. [99] [100] [101] With oligomers, chain lengths and doping levels are well defined, while neither of them is certain in electrochemically produced polymers. Experiments on medium-sized oligomers with 3-8 thiophene rings showed identical spectral changes upon doping as seen in thin-film experiments, but revealed that two sub-gap transitions are associated with singly charged species rather than with dications. Therefore, the two peaks in singly oxidized thin films suggest that charge carriers in COPs are polarons and not bipolarons. On addition of a second equivalent of dopant, a single sub-gap peak was observed. Rarely mentioned is another interesting observation. For longer oligomers (>8 rings), the absorption band of the neutral species decreases upon doping with one equivalent of dopant to about half its intensity but does not vanish. [102] [103] [104] This 'neutral absorption' 103 band was taken as evidence for formation of two independent polarons on one oligomer in a single oxidation step, leaving half of the oligomers in their neutral state. 102 Alternatively the 'vestigial neutral band' was considered evidence of polaron localization, leaving neutral chain segments that absorb at similar energy as the neutral species.
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Polaron Size and Bipolaron Binding Energy
The crucial questions regarding the charge carriers in COPs are the sizes of polarons and the possible presence of bound bipolarons. These two questions have been studied for over 30 years but no consensus has been reached. In principle, one can address the problem by optimizing structures of neutral and charged oligomers and by comparing to what extent structural parameters and charge distributions differ from those of the neutral analogs. The issue of bipolarons versus two polarons can be addressed by structural optimization of dications with open-shell and closed-shell approaches. Which species is present can be decided by analyzing whether one or two defects are lower in energy. The reason why a generally accepted conclusion has not been reached is that results depend strongly on the level of theory. Interactions between charges (electrons or holes) that are at the heart of the problem are dealt within the two-electron part of the Hamiltonian, which is exactly that part that all practical quantum mechanical methods are approximating. In the early 1980s, when computer resources were much more limited than nowadays, semi-empirical methods were the only choice. Extended Hückel theory (EHT) and its solid-state physics version, the SSH method are one-electron theories that include interaction between electrons only via experimental parameters. For charged species, both methods predict polaron widths of about five rings and bipolaron binding energies of 0.34 eV in PPP and 0.45 eV in PPY. 93, 105 However, investigating interactions between charge carriers with one-electron theories that do not include electron-electron interactions self-consistently, is the worst choice of method for the problem. [106] [107] [108] Hartree-Fock (HF) theory is also a one-electron method but it includes electron-electron interactions at least approximately and self-consistently. HF methods were developed for polymers in the 1960s 109 and applied to COPs routinely in the 1980s. 110, 111 Second-order perturbation theory corrections were employed as early as 1983. 112 The problem of all HF-based approaches is that correlation between electrons of same spin is included (exact exchange), but correlation between electrons of opposite spin is entirely neglected. The resulting unphysical preference of the HF method for high spin states is detrimental for calculations of extended open-shell -systems. Polarons, which are radical cations or anions, should have expectation values of the S 2 operator of 0.75. Unrestricted Hartree-Fock (UHF) calculations, however, produce values well above seven for long polyene radicals and predict over-delocalized defects. 113 In contrast, restricted open-shell Hartree-Fock (ROHF) calculations that enforce the correct S 2 value, confirm the localized nature of defects 113 and the strong bipolaron binding found with SSH. Semi-empirical calculations in the restricted open-shell formalism come to very similar conclusions as ROHF.
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DFT and TDDFT Analysis of Charge Carriers
DFT includes correlation approximately and does not calculate exchange exactly. As a result, electronic interactions between electron pairs with same and with opposite spin are treated in a balanced way, which practically eliminates the problem of spin contamination for large -conjugated radicals. However, the approximation of the exchange leads also to the biggest disadvantage of DFT, the SIE. This problem has been shown to lead to wrong prediction of charge-transfer excitations 114 and incorrect dissociation of radical cations into half-electron states. 115, 116 Such unphysical results show that some caution is warranted when using DFT calculations to assess the nature of the charge carriers in COPs. Three-dimensional band structure calculations within the local density functional approximation (LDA) underestimate BLA in PA and do not predict any defect localization. 117 In oligothiophenes bipolarons dissociate into separate polarons. 107 Hybrid functionals with 20-30% of HF exchange improve on the problems of pure DFT substantially. These functionals produce reasonable BLA 45 and with the exception of polyene radicals 118 there is very little spin contamination in long singly charged oligomers as long as the HF exchange contribution does not exceed around 30%. 119 A careful comparison of spin distributions in medium-sized polyene radicals showed that the B3LYP hybrid functional is in quite reasonable agreement with coupled cluster theory, overestimating hydrogen coupling constants somewhat. 113 Defect sizes on odd-numbered polyene radical cations with the B3P86-30% functional agree with MP2 results for oligomers with 41 CH units. For oligomers with up to 101 CH units, large defects spreading over 80 CH units are predicted. 118 In thiophene oligomer with up to 25 rings, defects spread over the whole molecule. Defect sizes are very sensitive to the presence of counter ion and solvent because relatively large structural changes are associated with small energy differences. 119 As an example, Figure 6 depicts bond-length differences between neutral 19-FU and its cation optimized in the gas phase and in CH 2 Cl 2 at the B3P86-30%/6-31G* and wB97XD/6-31G* levels of theory. Including solvent effects changes the defect shape at B3P86-30%/6-31G* dramatically. Whereas the defect is completely delocalized in the gas phase, bond-length changes are most prominent in the middle of the molecule in the presence of solvent. The energy difference between the two structures is, however, only 0.91 kcal/mol. The energy difference between the gas phase and solvent structures with wB97XD/6-31G* is even smaller, 0.33 kcal/mol. This demonstrates the structural flexibility of doped COPs and explains the large difference in defect sizes obtained with different theoretical methods. Closed-shell and open-shell calculations with global hybrid functionals on dications are in agreement with pure DFT and do not produce bound bipolarons.
Range-separated 50, 56 hybrid functionals decrease polaron sizes to about 10-15 rings in the gas phase and to less than 10 in solution (Figure 6 ), but confirm Gas phase FIGURE 6 | Bond-length differences between of 19-FU neutral form and cation in gas phase and in CH 2 Cl 2 at B3P86-30%/6-31G* and wB97XD/6-31G*.
the absence of bound bipolarons. 54 As discussed previously, range-separated hybrid functionals are also capable of removing problems with incorrect chain-length dependence of band gaps and ionization energies of neutral species. However, they reintroduce the spin contamination problem for open-shell systems because of the large amount of HF exchange at long range. Expectation values of the spin operator for radical cations reach around 0.8-1.0 depending on the functional and range-separation parameter. Generally around 10% overestimation or values of ≤0.83 are considered acceptable. Consequently, problems with open-shell systems and with higher excited states are emerging. 54 Thus, a single-density functional for calculating all relevant properties of COPs remains elusive. Using coupled cluster theory would be desirable but cannot be performed for systems of sufficient size to establish polaron sizes and bipolaron-binding energies. Therefore, DFT is currently the only reasonable choice. At all levels of DFT, polarons structures are very flexible and bipolarons are unstable. Only multiply charged systems 120 have bipolaron-like structures when polarons overlap because there is not enough space for them to separate.
UV Spectra of Doped Systems
An indirect method to address the issue of polaron size and bipolaron formation is calculating UV spectra of cations and dications as closed-shell (bipolaron) and open-shell (two polarons) species and comparing them to experiment. TDDFT spectra of mono cations and anions are almost identical 121 and display therefore perfect electron hole symmetry. Medium-sized singly charged oligomers exhibit two sub-band transitions as observed experimentally. Thus, TDDFT calculations confirm that the two sub-band transitions developing during doping of thin films are polaron and not bipolaron states. To investigate the effect of geometry on cation spectra, the spectrum of the 6-TH cation was calculated with the slightly nonplanar gas-phase geometry of the neutral species and after full optimization of the cation. As shown in Figure 7 , sub-band absorptions are obtained with cation structure, only band shape or position change. Therefore, electronic structure changes and not geometrically localized defects are responsible for the spectral changes on doping. 119, 122 The lower energy transition is due to a HOMO-1→SOMO transition of a -electron and the higher energy band is due to a HOMO-LUMO transition of an -electron. 119, 122 For the vertical cation, the splitting of the higher energy band is caused by mixing with electronic transitions involving lower-lying occupied orbitals. With increasing chain length of the oligomers, the low energy transition increases in intensity until the increase levels off at chain length of around eight rings. At that chain length, the second band starts loosing intensity and a third band at the position where the neutral species absorbs, develops. For very long oligomers (>20 rings), the third peak dominates the spectrum and the second band has almost vanished 54, 119, 122 (as shown for TH oligomers at the B3P86-30%/CEP-31G* level in Figure 8 ). The shift in oscillator strength from the second to the third band is in line with the Thomas-Reiche-Kuhn sum rule. 81 The same behavior is predicted for FU, FL, and PY oligomers.
As mentioned previously, the additional absorption at the neutral band position has been observed experimentally for TH and FL oligomers. [102] [103] [104] Because the polaron model does not predict such a band, the persistence of the neutral band was puzzling and has led to the contradictory claim that 12-TH oxidizes upon doping with one equivalent of dopant in a single step to the dication, leaving half of the oligomers in their neutral form. This rationalization accounts for the remaining absorption at the neutral band position but does not explain why the dications form. The bands in the spectra are clearly polaron and not bipolaron bands, so that they indicate that there is no bipolaron binding energy. In the absence of a bipolaron binding energy, however, there is no driving force for dication formation. Theoretical results resolve the contradiction in revealing that long oligomer cations have three absorption bands and that neutral species are not involved in this absorption. Figure 8 shows also the spectra of open-shell dications. Whereas closed-shell dications have only one low energy band, dications of longer oligomers that are more stable as open-shell species (two polarons rather than a bipolaron) have two absorption bands at higher energy than the corresponding cation. This explains the experimentally observed shift of the two polaron bands to higher energy on adding a second equivalent of dopant. 102 Thus, the theoretical spectra in Figure 8 fully explain the observed spectral features during doping of 12-TH 102 in terms of polarons at low, and unbound overlapping polarons at high doping levels.
As defects size is strongly influenced by the presence of counter ions 119, 122, 123 and solvents ( Figure 6 ), it is an interesting question to which extent the strong absorption at the position of the neutral band is influenced by the environment and whether spectra reach 7 | UV spectra of 6-TH, and 6-TH + without (vertical) and with optimization of the cation structure. convergence with respect to chain length of oligomers with localized defects. Figure 9 shows spectra of 19-FU at B3P86-30%/6-31G* and wB97XD/6-31G* in the gas phase in methylene dichloride. The four cation structures span the whole range from completely delocalized (B3P86-30%/6-31G* gas phase ( Figure 6 )) to localized defect over only seven rings (wB97XD/6-31G* in CH 2 Cl 2 ). Despite the very different cation structures the spectral features are essentially the same. Localization merely moves the cation band that occurs close to the neutral absorption to slightly higher energy. This confirms that electronic structure and not defect localization is responsible for sub-band transitions and hence the 'vestigial neutral band' is a cation feature that does not require neutral chain segments.
CONCLUSION
DFT and TDDFT can both be applied to oligomers that are long enough to address crucial properties of COPs. To predict reasonable structures and electronic properties, inclusion of HF exchange is necessary. With global hybrids, the amount of HF exchange should be around 30% to obtain reasonable BLA and to correct the problems with overestimating chain-length dependence of properties at least partially. Among range-separated hybrids, those functionals that include short-range HF exchange such as wB97XD are most suitable. Global hybrids are somewhat superior to radical cations and higher excited states, range-separated hybrid are better for properties of long neutral systems. Trends among different polymers are well reproduced with either type of functional. Calculation of states with TDDFT reveals that the polaron model is insufficient in several respects. The emphasis on defect localization originating from one-electron theories is unjustified as energy differences between structures with localized and delocalized defects are very small and because spectral changes on doping are reproduced independently of defect localization in the cations. Thus, studies on transport and charge carrier dynamics should take this flexibility into account. The polaron model further fails to account for the occurrence of an additional absorption band in UV spectra of doped oligomers with more than about 18 conjugated double bonds. These absorptions arise from mixing of close-lying electronic configurations which cannot be accounted for with single-electron theories. Likewise the dual-band absorption of certain donor-acceptor systems and the relative intensities of the two peaks are beyond to polaron model. DFT methods with any density functional contradict the existence of bound bipolarons and the agreement between TDDFT spectra of open-shell dications with experimental spectra corroborates the conclusions based on the energetic preference. It is therefore recommended to abandon the polaron model and to switch to easily applied TDDFT.
TDDFT studies on single molecules and molecular clusters have reached a level of maturity that guaranties reliable predictions. Device modeling starts with defining sets of desirable values for parameters such as, for instance, IPs, EAs, and excitation energies, which can be provided easily. The next step in predicting device performance must be to include morphology prediction and to improve understanding of charge-carrier dynamics at interfaces. This kind of research is currently undergoing major progress and valuable insights are expected to emerge in the near future.
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